Synthetic peptides have been shown to have excellent in-vitro activity in biological systems owing to their high affinity and specificity to various targets. However, despite their potential, the clinical utility of peptides is limited due to their low proteolytic stability and reduced in-vivo life-times. [1] [2] [3] Several approaches have been examined to overcome this challenge, including synthetic modifications such as the insertion of unnatural β-amino acids, D-amino acids or N-methylated units. [3] [4] [5] [6] [7] [8] [9] N-methylation is of particular interest as it most closely resembles nature's basic amino acid units with respect to backbone bond lengths and chirality. For example, it has been shown that upon multiple N-methylations of somatostatin cyclopeptidic analogue, the enzymatic stability is enhanced fivefold, from half-life time of 15.5±2 to 74±6 min, with a significant improved bioavailability. Notably, this performance was achieved without modifying biological activity and selectivity. 10 This unique performance may also explain the subset of natural systems that exploit N-methylation to modulate biological functions. 6 Despite these promising examples of Nmethylation for tuning reactivity, the introduction of other Nalkyl substituents have not been explored. [11] [12] [13] For example, the ability to further expand the regulation of proteolysis rates via simple chemical modifications would be beneficial when a Scheme 1. The pentapeptide used in this study and the elastase protease resistance trend upon N-substations. Orange arrow: the site that is cleaved by elastase upon N-alkylation (R1≠H). clinical treatment may be too acute and decreased circulation times preferred. 14 One challenge to the synthesis of modified peptides with larger N-alkyl groups is increased steric hindrance leading to significantly lower coupling reactions. 15, 16 Recently, we have successfully developed synthetic strategies for sterically demanding N/Cα-disubstituted peptides (DS-peptides) with a high degree of control over preferred conformation of the biomimetic oligomers being observed. 17 Based on this synthetic pathway, we sought to study how variation in N-alkylation affects proteolysis of oligopeptides.
For this purpose, a simple model oligopeptide platform was designed to elucidate the effects of N-alkylation of a single modified amino acid. short peptides were preferred to eliminate any influence from secondary structures. In addition, oligopeptides have found wide use in applications ranging from sensing, enzyme inhibition to therapeutics. [18] [19] [20] [21] [22] [23] A model pentapeptide was targeted based on an N-terminal glutamic acid unit for water solubility followed by four alanine residues. The central amino acid unit could then be systematically modified with various N-alkylated amino acid derivatives spanning a range of sizes of substituents from methyl (Me) and ethyl (Et), to benzyl (Bn), ethylphenyl (EtPh), and propylphenyl (PrPh) groups, as shown in Scheme 1. These N-alkyl units were selected as they systematically increase the length of the alkyl chain while also introducing steric bulk through the phenyl ring. In addition, the phenyl unit opens up a variety of substituted derivatives for secondary functionalization. With the design of the oligopeptide series identified, elastase was selected as a model protease enzyme based on its specific targeting of alanine and glycine units. Furthermore, uncontrolled proteolytic degradation by elastase has been implicated in a number of pathological conditions such as pancreatitis and other inflammatory disorders. 24 The identification of design principles for regulating elastase protease activity is therefore important from both an application viewpoint and for future synthetic peptide modifications.
All of the N-alkylated amino acid building blocks were synthesized in-house using a reductive amination protocol, followed by Fmoc protection (Scheme 2A). A longstanding challenge in peptide synthesis is the coupling of sterically hindered amino acid residues. Since the oligopeptide targets identified in this study all have a central N/Cα-disubstituted r epe at uni t, COMU , 1-[(1-(cy ano-2-e thoxy-2oxoethylideneaminooxy)-dimethylaminomorpholinomethylene)]methanaminium hexafluorophosphate coupling agent (Scheme 2B, Table S1 ) was examined and found to be particularly effective. For all cases, except for the most hindered example, R1=Bn, high yield (>90%) of the coupled product were obtained. 25 In this case of R1=Bn, triphosgene was found to be the only coupling agent to give the desired N/Cαdisubstituted peptides. Detailed procedures for the monomer and peptide syntheses can be found in the ESI. In order to understand the effect of N-substitution on the proteolysis rate, the synthetic peptides were incubated at 37°C and pH 7.8 in the presence of elastase. Reverse phase high performance liquid chromatography (RP-HPLC) was then used to analyze aliquots taken at different time points with the cleavage products identified by mass spectrometry (Figures S1-S3 ). The resulting half-lives (τ1/2) were determined for each peptide sequence and are shown in Figure 1 . As expected, the N-methylated (R1= Me) derivative showed significantly slower proteolysis with the half-life increasing threefold when compared to the natural amino acid sequence (R1=H) (Figure 1) . Unexpectedly, increasing the steric bulk and hydrophobicity of the N-alkyl group led to a decrease in half-life with a systematic decrease being observed on going from ethyl (R1=Et) to phenyl (R1=Bn) and ethylphenyl (R1=EtPh). For longer alkyl groups, (R1=PrPh), the half-life time was further decreased to values approaching the natural sequence (R1=H) (Figure 1 ) with multiple experimental repeats being performed to allow a general trend to be distinguished. It is worth noting that when a peptide consisting of a single alkylated unit is exposed to the corresponded protease, no degradation is observed. For example, peptides having a single N-substituted phenylalanine (R1=Me or Bn) units shows no reactivity with chymotrypsin ( Figure S2 ). In the case of multiple alanine units, the site of proteolysis was observed to change with the introduction of the unnatural amino acid units. RP-HPLC data revealed that the natural peptide sequence (R1=H) undergoes cleavage at multiple locations along the backbone leading to multiple smaller fragments after proteolysis. In direct contrast, quantitative transformation to a single fragment was observed for all N-alkylated pentapeptides (Figure 2, Figure S1 ). This is attributed to proteolysis of the unnatural series only occurring at the lone alanine residue at the C-terminus due to the N-alkyl group blocking cleavage at other sites along the backbone. In agreement with this observation, ESI-MS analysis of each reaction mixture demonstrated that the N-alkylated pentapeptides were cleaved at the last peptide bond resulting in a tetrapeptide, while avoiding two potential sites before and after the N-alkylated units (Figure 2) . These results confirm that the N-modified unit inhibits the protease activity at those sites, presumably due to the hydrogen bond Please do not adjust margins Please do not adjust margins disruption of the amidic nitrogen substituent within the catalytic triad of the serine protease pocket, as was observed in prior studies for peptoids (N-substituted polyglycine). 4 The ability to control peptide hydrolysis through N-alkylation of a site distant from the active center is of great interest especially when there is a need to maintain bioactivity. Interestingly, while all substitution patterns result in a change in site of cleavage, the rate of proteolysis is tunable, possibly reflecting steric differences in binding to elastase leading to variable substrate inhibition. In addition, since our N-modified sequence resembles the motif in proline-containing elastase inhibitor, Ale-Ala-Pro-Ala, it may exhibit similar (but tunable) conformational effects on elastase activity. [26] [27] [28] [29] [30] To further expand the scope of this system beyond Nmodified building blocks, N-modified glycine and phenylalanine derivatives were also examined for tenability of proteolysis rates across different amino acid families (Figure 3 ). In the case of glycine (R2=H), a sixfold increase in half-life from the natural amino acid to the N-methylated derivative (Sarcosine) was observed, again reinforcing the increased protease resistance of N-methylation. Significantly, upon increasing substituent size and steric constraints through N-benzylation, the half-life of proteolysis in the presence of elastase decreased to less than 50% of the natural system. In contrast, a more hydrophilic Nsubstituent increased resistance dramatically with a half-life value similar to the N-methylated derivative (210 ± 40 min) ( Figure S1-S3 ). This ability to tune reactivity was also observed for larger amino acid units (Figure 3 ). 26 For phenylalanine in particular, R2=Bn, the effect of N-methylation is enhanced with 45 fold increase in stability and further N-benzylation did not decrease the half-life substantially. In this case, the sterically Please do not adjust margins Please do not adjust margins hindered N/Cα-disubstituted repeat unit (R1=Bn, R2=Bn) may significantly decrease enzyme-peptide interactions leading to a decrease in the rate of proteolysis. In conclusion, the effect of N-alkylation on tuning protease reactivity for short peptide sequences is reported. Through optimization of coupling agents and reaction conditions, a library of pentapeptides containing an N/Cα-disubstituted central unit were prepared and the effect of varying substituent size examined. Interestingly, all N-Me derivatives showed the highest stability to cleavage in the presence of elastase with a systematic decrease in stability with increasing steric size. The principles found in this study have potential for aiding the design of synthetic peptides and functional inhibitors with improved performance and/or clinical utility.
In this work we demonstrate a strategy for tuning proteolysis of oligopeptides by expanding the Nalkylation of peptides beyond the common methyl group.
